Normal aging is accompanied by speech perception difficulties, especially in adverse listening situations such as a cocktail party. To assess whether such difficulties might be related to impairments in sequential auditory scene analysis, event-related brain potentials were recorded from normal-hearing young, middle-aged, and older adults during presentation of low (A) tones, high (B) tones, and silences (-) in repeating 3 tone triplets (ABA-). The likelihood of reporting hearing 2 streams increased as a function of the frequency difference between A and B tones (Df ) to the same extent for all 3 age groups and was paralleled by enhanced sensory-evoked responses over the frontocentral scalp regions. In all 3 age groups, there was also a progressive buildup in brain activity from the beginning to the end of the sequence of triplets, which was characterized by an enhanced positivity that peaked at about 200 ms after the onset of each ABA-triplet. Similar Df-and buildup-related activity also occurred over the right temporal cortex, but only for young adults. We conclude that age-related difficulties in separating competing speakers are unlikely to arise from deficits in streaming and might instead reflect less efficient concurrent sound segregation.
Introduction
The ability to understand speech in adverse listening situations, such as a cocktail party, declines with age (Committee on Hearing, Bioacoustics, and Biomechanics 1988) . Several factors likely contribute to speech processing difficulties in older adults including changes in peripheral and central auditory processing, as well as changes in brain areas responsible for more general cognitive functions such as attention and memory (Committee on Hearing, Bioacoustics, and Biomechanics 1988; Humes 1996; Schneider and others 2002) . Evidence from recent studies suggests that age-related changes in listeners' abilities to perceptually organize incoming acoustic information, referred to as auditory scene analysis (Bregman 1990) , may also play an important role in age-related difficulties in speech comprehension (Alain and others 2006) .
Auditory scene analysis problems can be divided into 2 main categories: those that require segregation of multiple ''concurrent'' sounds (e.g., 2 discrete speech events spoken simultaneously) and those that require segregation of multiple ''sequential'' patterns of sound (e.g., 2 melodies with notes that alternate between 2 musical instruments). In the laboratory, it is useful to distinguish these 2 types of sound segregation because they present different problems to the auditory system and may thus rely on different neural mechanisms (Alain and Izenberg 2003) . In real-world situations, however, both types of sound segregation are likely to play a role in solving the cocktail party problem. Thus, an important question related to the hypothesis that difficulties in sound segregation contribute to age-related problems in speech comprehension (Alain and others 2006) is the extent to which aging affects concurrent and sequential sound segregation, respectively.
With respect to concurrent sound segregation, psychophysical research has clearly shown that older adults have higher thresholds for detecting a mistuned harmonic than do young or middle-aged adults even after statistically controlling for audiometric thresholds (Alain and others 2001) . Listeners who find it difficult to detect mistuning may assimilate one or more frequency components coming from secondary sound sources into the target signal (cf., Roberts and Moore 1990) . The inclusion of extraneous frequency components into the target signal would then lead to concomitant errors in perception, given the blend of acoustic energy incorrectly conjoined at an earlier stage of processing. Therefore, age-related increases in mistuning detection thresholds may relate to speech perception problems of older adults because the perception of a mistuned harmonic, like speech signals embedded in babble or noise, depends on the ability to parse auditory events based on their spectral pattern. Older adults also have greater difficulty than young adults in parsing 2 concurrently presented vowels based on fundamental frequency (f 0 ) and show decreased neural activity associated with this task (Snyder and Alain 2005) .
Although these results suggest an age-related decline in concurrent sound segregation, the effects of age on sequential sound segregation (or ''streaming'') remain equivocal. Previous studies that used indirect objective measures of sequential sound segregation (e.g., detecting a change to a stimulus that is difficult without perceptual segregation) have shown no evidence for an effect of aging on streaming (Trainor and Trehub 1989; Alain and others 1996) . Although such objective measures of sound segregation are desirable because they do not rely on self-reported measures, it is not always clear how they relate to more traditional conceptions of streaming that are based on subjectively perceiving 2 streams of sounds. In a study that used both indirect and direct measures of streaming, older hearing-impaired listeners showed an ability to segregate sequential sound patterns (Stainsby and others 2004) . Performance was not compared with a control group, however, making it unclear whether these participants showed impairments related to age, hearing loss, or neither.
Using an objective method to estimate the frequency separation at which listeners could no longer hear 2 streams (fusion threshold), Mackersie and others (2001) observed only a weak (nonsignificant) relationship between listener age with hearing loss and fusion threshold. However, they found a significant correlation between fusion threshold and simultaneous sentence perception, suggesting that sequential sound segregation processes may play an important role in solving the cocktail party problem. Rose and Moore (1997) showed that some (but not all) bilaterally hearing-impaired listeners required greater frequency separation than normal-hearing listeners for stream segregation to occur. In a study of subjective perception of streaming with harmonically complex tones, young adults perceived more streaming than older adults but only for tones with resolved harmonics (Grimault and others 2001) . When the older adults were separated into 2 groups, those with hearing impairment surprisingly perceived more streaming than those without hearing impairment for the resolved tones. For tones with unresolved harmonics, however, robust streaming was observed for all groups of participants. The above studies thus show inconsistencies in terms of whether aging and hearing loss have a significant detrimental impact on segregation of sequential sound patterns.
The purpose of the present study was therefore to assess the effects of age on sequential stream segregation in normalhearing adults. One paradigm that has been used extensively to study auditory stream segregation presents repeating ABAtriplets in which ''A'' (low) and ''B'' (high) are sinusoidal tones and ''-'' is a silent interval (van Noorden 1975) , as shown in Figure 1 . When the difference in frequency (Df) between the A and B tones is small and the repetition rate of the sequence is slow, listeners hear a single stream of tones in a galloping rhythm (ABA-ABA-). When the frequency difference is large and the repetition rate is fast, listeners report hearing 2 streams of tones (A-A-A-A-and B--B--), each in a metronome-like rhythm (for a review on other factors affecting streaming, see Moore and Gockel 2002) .
To determine the extent to which aging affects subjective perception of stream segregation with pure tones differing in frequency, the current study tested 3 groups of normal-hearing participants: young, middle-aged, and older adults. While participants were performing the streaming task, we recorded event-related brain potentials (ERP) to determine what aspects of stream segregation, if any, were affected by aging. In a recent ERP study, we found increases of the P1, N1, and P2 peak amplitudes of the auditory evoked response with increasing Df between A and B tones during the streaming task (Snyder and others 2006 ; see also Gutschalk and others 2005) . The Dfrelated enhancement in P1, N1, and P2 waves at frontocentral sites was modeled with a bilaterally symmetrical pair of tangential dipoles in Heschl's gyrus. We also found a similar Df-related increase in N1c over the right auditory cortex, consistent with radial sources on the lateral portions of auditory cortex (e.g., parabelt regions, Kaas and Hackett 2000) . The Dfrelated change in sensory-evoked responses at frontocentral and right temporal sites was not significantly affected by attention, suggesting that it indexes an attention-independent mechanism. The Df-related ERP changes are similar to those observed following an abrupt change in acoustic parameters such as frequency, intensity, or location (Butler 1968; Picton and others 1978; Na¨a¨ta¨nen and others 1988 ; also see Jones and others 1998; Hung and others 2001) and likely indicate a release from suppressive mechanisms. Thus, it is possible that correlates of streaming in the P1--N1--P2 and N1c peaks (Gutschalk and others 2005; Snyder and others 2006) might not reflect perception of streaming directly but rather the action of more general neurophysiological mechanisms. On the other hand, modulation of these peaks depending on whether participants heard 1 stream or 2 streams suggests that the observed effects are at least partly related to perception (Gutschalk and others 2005) .
In addition to Df-related changes in ERP amplitude, we found a slow positive wave that increased in amplitude as the sequence progressed and was interpreted as an index of the Figure 1 . Five cycles of pure-tone stimuli in a repeating triplet pattern with low tones, high tones, and silences, with 4 different frequency separations between low and high tones (Df = 0, 4, 7, and 12 semitones). Each bar represents a pure tone in a galloping rhythm. Actual trials were composed of 27 cycles.
buildup of stream segregation. Unlike the Df-related increase in ERP amplitude, this buildup-related activity was strongly diminished at frontocentral and right temporal electrodes when participants were asked to ignore the auditory stimuli, mirroring the effects of attention on the perceptual buildup of streaming (Carlyon and others 2001 ). In the current study, participants were presented with ABA-triplets for 10.8 s and were asked to indicate at the end of the sequence whether it had a gallop-like rhythm or whether it split into 2 parallel streams of sounds. As in our original study (Snyder and others 2006) , Df was varied from trial to trial. We examined whether aging affects listeners' likelihood of reporting 2 auditory streams and whether aging has differential effects on ERP correlates of Df-and buildup-related aspects of streaming at frontocentral and temporal electrode sites. The data from the young participants were the same as in our previous report (Snyder and others 2006) , but new data sets were collected from normalhearing middle-aged and older adults.
Materials and Methods

Participants
Ten young adults (6 men and 4 women, age range = 23--38 years, mean age = 29.5 years), 10 middle-aged adults (3 men and 7 women, age range = 41--54 years, mean age = 46.6 years), and 10 older adults (3 men and 7 women, age range = 62--79 years, mean age = 72.7 years) participated after giving written informed consent according to the guidelines of the Baycrest Centre for Geriatric Care and the University of Toronto. All participants were right handed except 1 young adult and 2 older adults. All had subclinical pure-tone thresholds ( <30 dB hearing level) in both ears from 500--1000 Hz, corresponding to the frequency range of the experimental stimuli (see Table 1 ). In the broader range 250--8000 Hz, there were no significant differences between the 2 ears, F 1,27 < 1, P = 0.61. However, there was a significant age-related increase in hearing thresholds, F 2,27 = 47.64, P < 0.001, which is considered a normal aspect of aging (Committee on Hearing, Bioacoustics, and Biomechanics 1988). A planned contrast showed that this was due to elevated thresholds in older adults compared with middle-aged adults (P < 0.001) but no difference occurred between young and middle-aged adults (P = 0.78). There was also a significant age by frequency interaction, F 12,162 = 24.85, P < 0.001, due to greater age difference in hearing thresholds at frequencies above 2000 Hz.
Stimuli and Procedure
As shown in Figure 1 , sound sequences consisted of alternating A and B tones with every other B tone omitted (taking the form ABA-ABA-ABA-. . .). Tone duration was 20 ms including 5 ms rise and fall times. The stimulus onset asynchrony was 100 ms between adjacent A and B tones within each ABA-cycle. The silent duration (-) between ABA triplets was 100 ms. The A tones repeated every 200 ms, and the B tones repeated every 400 ms. Within each trial, the A tone frequency was always 500 Hz and the B tone frequency was 500, 625, 750, or 1000 Hz. This corresponds to Df levels of 0, 4, 7, and 12 semitones. Stimuli were converted to analog form using a Tucker Davis Technologies (TDT) RP-2 real-time processor (24 bit, 90-kHz bandwidth) under the control of MATLAB running on a Dell computer with a Pentium 4 processor. The analog outputs were fed into a Headphone driver (TDT HB-7). Stimuli were then transduced and presented binaurally through Sennheiser HD 265 headphones (Sennheiser Electronic Corporation, Old Lyme, CT) at about 85 dB sound pressure level.
On each trial, participants were presented with 10.8 s of the ABAtriplet (27 ABA-repetitions). Within a block of trials, 80 trials were presented in which Df varied pseudorandomly from trial to trial during electrophysiological recording (20 per Df level). Participants pressed a button at the end of the sequence to indicate if they heard the pattern as 1 stream for the entire trial and another button if they heard the pattern as splitting into 2 streams at any point during the trial. The next trial began 2000 ms after the response. Participants were instructed to focus on the rhythm as a cue (i.e., not galloping or galloping) to determine whether the pattern had split into 2 streams. They were also instructed to let their perception take a natural time course rather than biasing themselves toward hearing the patterns in one way or another. Each participant performed 4 blocks for a total of 320 trials (80 per Df level). Prior to the experiment, participants completed 8 practice trials with 2 examples of each Df level. The experimental session lasted around 75 min.
Electrophysiological Recording and Analysis
The electrophysiological responses were continuously collected and digitized (250 Hz sampling rate; band-pass filtered 0.05--50 Hz) from an array of 64 electrodes using NeuroScan SynAmps (Compumedics USA, El Paso, TX) and stored for off-line analysis. Eye movements were monitored with electrodes placed at the outer canthi and at the superior and inferior orbit. During recording, all electrodes were referenced to Cz, but they were re-referenced to an average reference for off-line analysis.
Trials contaminated by excessive peak-to-peak deflection at the sites not adjacent to the eyes were automatically rejected before averaging.
The rejection threshold was ±100--150 lV, determined individually for each participant, excluding about 15% of trials. ERPs were averaged separately for each level of Df and for each electrode site. For each individual average, ocular artifacts (e.g., blinks, saccades, and smooth movements) were corrected by means of ocular source principal components using the brain electrical source analysis (BESA 3.0) software (Berg and Scherg 1994; Picton and others 2000) . ERPs were also digitally filtered using BESA 3.0 to attenuate frequencies outside 1--20 Hz.
The first off-line ERP analysis used epochs that included a baseline of 200 ms and the first 2000 ms after the beginning of the trial. There were 80 such 2200-ms epochs for each Df level for each participant. Another set of analyses used epochs that included 48 ms before and 400 ms after the onset of each ABA-triplet, excluding the first and last ABA-triplet of each trial. These 448-ms epochs were sorted into 5 time bins taken from successive 2 s periods within the 10.8-s trial, with each time bin containing 5 repetitions of the ABA-cycle. For each time bin, there were thus 400 epochs (80 trials 3 5 ABA-cycles) for each Df level for each participant.
We examined the effects of Df in each time bin by subtracting the 0 semitone condition from the non-0 semitone conditions at each time bin. Df-related modulations throughout the trial were quantified relative to a baseline of 48 ms prior to the B tone because this tone was the one varying in frequency. To test for effects of time, we measured the mean amplitude of brain responses across 5 consecutive triplets (i.e., 2-s segment) and compared ERP amplitude obtained during the 2nd, 3rd, 4th, and 5th segment relative to the 1st 2-s segment. Because of the ongoing nature of the ABA-triplets, ERP amplitude related to buildup over time was measured relative to the mean activity across the entire 448-ms epoch because it was unclear whether buildup was time locked to any specific event in the ABA-triplet.
ERPs were quantified as the mean amplitudes across 9 frontocentral electrodes (Fz, F1/2, FCz, FC1/2, Cz, C1/2) and separately for the left and right temporal electrodes (T7 and T8). The frontocentral and the temporal electrodes were chosen for separate analyses because they reflect auditory cortical areas with tangential and radial sources, respectively. Previously, we found that activity at frontocentral sites and at T8 (but not T7) showed Df-related activity that correlated significantly with participants' perception of streaming (Snyder and others 2006) . We therefore examined these electrodes again to test for main effects of Df and buildup over time and also interactions between these factors and age group. Such interactions would indicate age-related changes in Df-and buildup-related mechanisms of stream segregation.
Statistical Analysis
The proportions of trials in which participants reported hearing 2 streams were analyzed using a mixed design analysis of variance (ANOVA) with age (young, middle aged, older) as the between-subject factor and Df (0, 4, 7, and 12 semitones) as the within-subject factor. ERP amplitudes averaged across 9 frontocentral electrodes were analyzed using a 3-factor ANOVA with age, Df, and time bin (t 1--t 5). ERP amplitudes at temporal electrodes (T7 and T8) were analyzed using a 4-factor ANOVA with hemisphere (left and right), age, Df, and time bin. When appropriate, the degrees of freedom were adjusted with the Greenhouse--Geisser epsilon (e). All reported probability estimates are based on the reduced degrees of freedom, although the original degrees of freedom are reported. ERP peak amplitudes were related to behavioral judgments of streaming by simple correlations for each participant. These simple correlations were submitted to 1-sample t-tests, assessing the hypothesis that the correlations were different than 0, with Bonferroni corrections for multiple tests. Figure 2 shows the group mean proportion of trials heard as streaming at each of the Df levels for young, middle-aged, and older participants. As expected, the likelihood of reporting perception of 2 streams increased with Df in all 3 age groups (main effect of Df, F 3,81 = 248.75, P < 0.001), with all adjacent levels of Df differing from each other (P < 0.001). At 0 semitones, participants rarely reported hearing streaming, whereas at 12 semitones, participants almost always reported hearing 2 streams of sounds. At intermediate levels (4 and 7 semitones), participants sometimes heard streaming and sometimes heard galloping for the whole trial. There was no main effect of age, F 1,27 = 2.27, P = 0.12, and also there was no significant interaction between age and Df, F 6,81 = 1.25, P = 0.31, suggesting that the 3 age groups perceived streaming to the same extent across all levels of Df.
Results
Behavioral Data
Transient and Sustained Neural Activity after Trial Onset Figure 3A shows ERPs at the frontocentral midline electrode (FCz) and at the left and right temporal electrodes (T7 and T8) elicited by the onset of the 10.8-s trial collapsed across Df for young, middle-aged, and older adults. One older adult was excluded from the analyses of these responses because of excessive artifacts at the frontocentral electrodes. In all 3 age groups, these ERPs included P1, N1, P2, and N2 waves that were maximal at FCz peaking around 60, 120, 160, and 200 ms, respectively. The N1 showed a significant effect of age group, with larger amplitude for young adults, F 2,26 = 3.89, P < 0.05. The P2 also showed a significant age effect, but in this case older adults showed the largest response, F 2,26 = 3.81, P < 0.05. As shown in Figures 3B and 4 , the N2 showed a significant effect of Df, F 3,78 = 17.99, P < 0.001. All 3 age groups showed this N2 effect, as indicated by a lack of interaction between age and Df, F 3,78 = 0.75, P = 0.60. No other significant effects of age, Df, or their interaction were observed on the transient peaks at the frontocentral electrodes. Following the transient responses, there was a sustained potential (SP) that was negative and maximal over the frontal scalp regions. A large influence of age was observed on the SP, with substantial age-related decreases in amplitude, F 2,26 = 6.60, P < 0.005. The SP showed a nonsignificant trend for larger amplitude with increasing Df, F 3,78 = 2.44, P = 0.08, and a nonsignificant interaction between Df and age, F 6,78 = 2.11, P = 0.07. At T7 and T8, transient peaks were observed following the trial onset, including P1t, N1t, P2t, and N2t waves peaking around 100, 150, 200, and 270 ms, respectively (Fig. 3A) . The small P1t and N1t are likely transient responses to the first A tone of the trial from regions of auditory cortex with a radial orientation (Wolpaw and Penry 1975) . The larger P2t and N2t peaks that follow likely reflect responses to the B tone. Following these transient peaks was a sustained positive response (SPt) that lasted until around 600 ms following trial onset. P2t, N2t, and SPt responses were larger on the right side of the head, F 1,26 = 6.08, 13.69, 8.94, P < 0.025, and the P2t and SPt waves were largest in young adults, F 1,26 = 4.33, 5.00, P < 0.025. No significant main effects of Df or interactions involving hemisphere and age were observed on ERP activity recorded at T7 and T8. These results, therefore, indicate rightward hemispheric asymmetry and significant age effects for activity following the onset of the second tone of the trial (i.e., P2t, N2t, SPt). The lack of significant effects for the earlier P1t and N1t responses indicates that presentation of at least 2 tones was necessary to observe an effect of age on ERP amplitude at temporal electrodes.
Neural Activity Reflecting Frequency-Based Segregation To visualize neural activity reflecting increases in Df, we subtracted mean ERPs corresponding to a single cycle of the ABA-triplet during the 0 semitone condition from mean ERPs during the 4, 7, and 12 semitone conditions, yielding 3 difference waves (4--0, 7--0, 12--0 semitones) for each of the 3 age groups (Fig. 5A) . In all 3 age groups, Df-related activity was characterized by P1, N1, and P2 waves at frontocentral sites (e.g., FCz). The P1, N1, and P2 waves were inverted in polarity at inferior temporal--occipital sites (Fig. 5B) , consistent with a tangential source in the superior temporal plane. The amplitude of the P1 and N1 could not be quantified because these responses were partially contaminated by enhanced slow-wave activity in middle-aged and older adults. Hence, the effects of age on the Df-related activity at frontocentral sites were examined solely on the P2 amplitude. The ANOVA yielded a main effect of Df on the P2 mean amplitude (150--200 ms relative to the B tone onset), F 3,81 = 46.06, P < 0.001 (see Fig. 6 ). Neither was the main effect of age significant nor was the interaction between age and Df significant, F 6,81 = 1.92, NS, suggesting comparable sized Df-related increases in sensory-evoked responses in all 3 age groups.
These Df-related increases in sensory-evoked responses over the frontocentral scalp region were accompanied by an N1c component at right temporal sites, which also depended on Df but occurred only in young adults (Fig. 5A,B ). An ANOVA on the mean ERP amplitude (120--190 ms relative to the B tone onset) recorded over the left and right temporal cortex yielded a main effect of Df, F 3,81 = 5.41, P < 0.025, a significant Df by age interaction, F 6,81 = 3.71, P < 0.025, a significant hemisphere by Df interaction, F 3,81 = 12.69, P < 0.001, and a significant hemisphere by Df by age interaction, F 6,81 = 5.47, P < 0.05 (see Fig. 6 ). These results indicate that aging had a greater impact on neural activity recorded over the right than the left auditory cortex.
To test for relationships between the Df-related increase in P2 (at frontocentral sites) and N1c (at the right temporal electrode) and perception, we correlated mean amplitudes of these responses with the proportion of trials heard as streaming, for each participant. We then submitted these correlations to 2-tailed 1-sample t-tests, separately for each age group, to test for correlations significantly different than 0. The P2 amplitude correlated significantly with streaming judgments for all 3 age groups, r 2 = 0.91, 0.81, 0.58, t 9 = 22.61, 5.59, 4.15, P < 0.005. In contrast, the N1c amplitude correlated significantly with streaming judgments for young participants only, r 2 = -0.83, t 9 = 6.74, P < 0.001, with nonsignificant correlations for middle-aged and older adults, r 2 = -0.40, -0.04, t 9 = 1.77, 0.18, NS. This is consistent with the lack of robust N1c response in middle-aged and older adults.
Neural Activity Reflecting Buildup of Streaming
To visualize neural activity reflecting temporal buildup of stream segregation, we subtracted ERPs corresponding to an average of the first 5 ABA-triplets during the first 2 s of the trial (t1) from similar averages of 5 consecutive ABA-triplets during the 4 subsequent 2-s time bins (t 2--t 5). This yielded 4 difference waves (t 2--t 1, t 3--t 1, t 4--t 1, t 5--t 1) for each level of Df for each participant. Previously, we found that activity at FCz and T8 (but not T7) increased as a function of time throughout the 10.8-s trial (Snyder and others 2006) , possibly reflecting perceptual buildup of streaming (Bregman 1978; Anstis and Saida 1985) . We therefore examined these electrodes again to test for effects of time and interactions between time and age group. Such interactions would indicate age-related changes in neural mechanisms for the temporal buildup of streaming.
As shown in Figure 7A ,B, the activity in all 3 age groups at FCz indicated a slow positive wave whose amplitude increased as a function of time, F 4,81 = 35.06, P < 0.001. The interaction between age and time was not significant, F 8,81 = 1.66, NS, suggesting comparable buildup-related activity over the frontocentral scalp region (see Fig. 8 ). The interaction between time and Df was not significant, F 8,81 = 1.63, P = 0.13, although all 3 age groups showed a tendency to have less buildup for the 0 semitone condition.
As was the case for the Df-related activity measured over the right temporal electrodes, the buildup-related activity measured over this region was observed only for young adults (Fig. 7A,B) . This was confirmed by a main effect of time, F 4,81 = 16.96, P < 0.001, a significant hemisphere by time interaction, F 4,81 = 3.93, P < 0.01, and a significant hemisphere by time by age interaction, F 8,81 = 2.51, P < 0.05 (Fig. 8) . As with the Dfrelated activity, these findings revealed age-related changes in brain responses over the right temporal cortex. There was an additional time by Df interaction, F 12,324 = 2.85, P < 0.005, due to a smaller effect of time when Df was 0 semitones compared with when Df was larger than 0 semitones.
Brain Electrical Source Analysis
We used BESA (5.0) to determine how well sources in auditory cortex (i.e., Heschl's gyrus) could account for effects of age on Df-based segregation and buildup activity measured at the scalp. For the group averaged Df-and buildup-related activity, we modeled the difference waves at all electrodes collapsed across Df and time bins, respectively. Collapsing across participants, Df, and time bin served to enhance the signal-to-noise ratios of the modeled waveforms. The analysis assumed a 4-shell ellipsoidal head model with relative conductivities of 0.33, 0.33, 0.0042, and 1 for the head, scalp, bone, and cerebrospinal fluid, respectively, and sizes of 85 mm (radius), 6 mm (thickness), 7 mm (thickness), and 1 mm (thickness).
As an initial step, 2 symmetrical regional sources were placed at the Talairach coordinates of Heschl's gyrus in the right hemisphere (RH) and left hemisphere (LH) (x = ± 47, y = -26, z = 11). Each source contained 3 orthogonal dipoles representing 3 directions of current flow in auditory cortex relative to the temporal scalp (tangential, radial, and anterior/posterior). Maintaining the locations and orthogonality of the 3 dipoles in each regional source, the dipoles were rotated such that the orientation of the first dipole was aligned with the maximum direction of activity. This optimization of the orientations was performed using the 140--400 ms interval in the Df activity for the young adults because it contained the clearest examples of tangential and radial activity. The resulting model, shown in Figure 9A , was then used as a spatial filter to derive time courses of source activity in the 3 spatial orientations for Df and buildup activity in each age group. The orientations of the dipoles are consistent with previous models of the auditory evoked response (Scherg and von Cramon 1985; Ponton and others 2002) . It should be noted that we do not make any strong claims about the precise location or number of sources in auditory cortex. For example, it is likely that multiple source locations in auditory cortex contribute to the ERPs observed here (Yvert and others 2005) , and there is evidence that activity in the parietal lobe might specifically contribute to perception of streaming (Cusack 2005) . Figure 9B shows the tangential, radial, and anterior/posterior source waveforms of Df-related activity in the LH and RH for the young, middle-aged, and older adults. The model accounted for most of the neuroelectric scalp patterns in the 140--400 ms interval in all 3 age groups with residual variances of 3.58%, 5.43%, and 4.30% for young, middle-aged, and older adults, respectively. The bilateral tangential sources accounted for the P1--N1--P2 waves and reproduced the differences in morphologies between the 3 groups. In particular, there was a sustained negativity leading up to the N1 in middle-aged and older adults but not in young adults. The radial source in the RH accounted for the larger N1c response in young adults compared with middle-aged and older adults, with little or no N1c appearing in the LH. Finally, the bilateral anterior/posterior sources contributed to the P1 wave in all 3 age groups, and the left anterior/ posterior source contributed to the sustained negativity leading up to the N1 in middle-aged and older adults. Figure 10 shows the 3 source waveforms of buildup-related activity in both hemispheres for the 3 age groups. The dipole model accounted for most of the neuroelectric scalp patterns in the 160--232 ms interval in all 3 age groups with residual variances of 7.01%, 4.59%, and 4.86% for young, middle-aged, and older adults, respectively. The bilateral tangential sources accounted for most of the buildup-related activity and showed similar sized responses across the 3 age groups. The radial source in the RH showed age effects with larger amplitude in young adults compared with middle-aged and older adults, but little or no activity in the LH. Finally, the anterior/posterior sources did not show much recognizable activity related to scalp-recorded waveforms. Thus, the source analysis of Df-and buildup-related activity is consistent with the interpretation that auditory cortical areas contributing to stream segregation with radial orientations are more affected by age than areas with tangential orientations.
Discussion
Young, middle-aged, and older adults showed similar perception of streaming, as measured using self-reported judgments made at the end of 10.8-s trials. This lack of age-related change in sequential sound segregation is consistent with previous behavioral studies using objective measures of stream segregation such as temporal order judgments (Trainor and Trehub 1989) and response time to infrequent targets (Alain and others 1996) . It is unlikely that the absence of an age effect on perception in the current study was due to lack of power because there was no trend in the expected direction. These data, therefore, provide support for a relative sparing of sequential sound segregation, suggesting that age-related impairments in speech comprehension related to deficits in auditory scene analysis (Alain and others 2006) are more likely explained by difficulties with concurrent sound segregation (Alain and others 2001; Grube and others 2003; Snyder and Alain 2005) .
In all 3 age groups, the perception of stream segregation was paralleled by enhanced ERP amplitude over the frontocentral scalp region. More importantly, Df-and buildup-related activities were present to the same extent in all 3 age groups. This result extends previous findings in young adults (Snyder and others 2006) to middle-aged and older adults and provides convergent evidence that sequential auditory scene analysis is preserved in normal aging adults. At right temporal sites, substantial changes were found for neuroelectric correlates of Df and buildup in middle-aged and older adults. In young adults, symmetrical regional sources accounting for 3 dimensions of current flow in auditory cortex provided a good model for the activity observed across the array of scalp electrodes. The residual variances for this model were also low for the middleaged and older adults suggesting a good fit of the scalp-recorded data. More importantly, the scalp-recorded data of middle-aged and older adults were best represented by dipoles with tangential and anterior/posterior orientation, whereas brain responses represented along the radial components over the right temporal cortex showed a marked age-related decrement in amplitude. This age-related difference in the neural generators of the Df-and buildup-related activity may be indicative of physiological or structural changes in the brain that occur with normal aging.
In addition to changes at right temporal sites, sustained activity during the first 5 repetitions of the ABA-triplets at the beginning of each trial showed dramatic age-related decrements. A similar age-related decrement was previously found in sustained activity that occurred for the duration of long sounds (Chao and Knight 1997) and for slow-wave activity in auditory oddball paradigms (Pfefferbaum and others 1980; Iragui and others 1993) . Recent evidence suggests that activity lasting throughout the duration of a sound pattern arises from different auditory cortical areas (Seifritz and others 2002) and may indicate responses to preferred stimuli than more transient activity that occurs only at the onset of sounds (Wang and others 2005) . Thus, it is possible that older adults have a deficit in neural populations that are active throughout the duration of a stimulus pattern. It is also possible that deficits in higher-level functions such as sustained attention could account for the smaller activity observed in the present study and in previous studies.
The current study showed no age-related changes in stream segregation. This finding suggests that previous reports of impairment in stream segregation among older adults with supraclinical levels of hearing impairment were due to their abnormal audiometric status rather than their age (Rose and Moore 1997; Mackersie and others 2001) . However, this conclusion conflicts with one study in which both normalhearing and hearing-impaired older adults showed less streaming than young adults for resolved harmonic complexes (Grimault and others 2001) . This discrepancy with the current results could be explained by the use of different types of stimuli, a possibility that should be tested in future studies. The lack of a genuine age effect on perception of streaming in the current study suggests that sequential sound segregation is spared in normally aging adults with good hearing, in contrast to concurrent sound segregation in which older adults show substantial impairments compared with young adults (Alain and others 2001; Grube and others 2003; Snyder and Alain 2005) . The apparent dissociation between the effects of age on concurrent and sequential sound segregation might be attributable to the presence of different neural mechanisms for these 2 types of sound segregation, a possibility that should be addressed further in future studies.
In the present study, we modeled the Df-and buildup-related activity with sources in the superior temporal plane. In agreement with animal studies (e.g., Fishman and others 2001; Kanwal and others 2003; Bee and Klump 2004; Micheyl and others 2005) , our results suggest that processes involved in auditory stream segregation are located in auditory cortex. Interestingly, our model adequately accounted for the ERP response to ABA-triplets in the 3 age groups. In particular, the observed age difference over the right temporal lobe could be accounted for by changes in a generator on the right superior temporal plane with radial orientation to the temporal scalp.
The N1c response that increased as a function of Df in young adults has a large dependence on musical experience (Shahin and others 2003) and frequency discrimination training (Bosnyak and others 2004) . This suggests the N1c as being particularly important for processing frequency content, which is consistent with the proposal that right auditory cortex is specialized for spectral representation (Zatorre and others 2002) . It is therefore possible that age-related neural changes in these sources could have important consequences for other types of processes that rely on detecting frequency change such as melody perception (Lynch and Steffens 1994; Andrews and others 1998) . The effects of aging on activity from radial sources could also reflect an age-related change in attention-dependent auditory processing (e.g., Bennett and others 2004 ). This appears unlikely, however, because the Df-and buildup-related activity were similarly affected by aging in the current study despite the fact that the buildup-related activity was more dependent on attention than the Df-related activity in our previous study (Snyder and others 2006) .
Although the effects of age on radial activity appeared to be uncoupled to perception of streaming in middle-aged and older adults, it is unclear whether or not the neural generator of this source contributes to perception of streaming in young adults in whom it was strongly expressed and correlated significantly with perception. One possibility is that in young adults there are multiple representations of Df-based segregation, some with tangential and some with radial orientations. It is possible that in middle-aged and older adults some of these representations may begin to undergo age-related degradation, but there is enough redundancy in the auditory cortex to support robust coding of frequency. It is also possible that such age-related changes in auditory cortex might cause functional reorganization of neural networks involved in auditory perception (e.g., Cabeza and others 2002; Della-Maggiore and others 2002; Grady and others 2003) , enabling comparable levels of stream segregation in middle-aged and older adults as compared with young adults. A final possibility is that the brain areas generating the radial sources in young adults exhibit a rotation in orientation due to structural changes in the temporal lobe without any substantial change in neurophysiology. Such a change in source orientation in middle-aged and older adults could result in the inability to detect the N1c at the scalp.
Given the lack of detailed information about anatomical changes in auditory cortex during normal aging, it is currently difficult to distinguish between structural and physiological explanations of age-related changes in scalp-recorded ERPs. Morphological studies have shown volume loss associated with a reduction in cell size in many auditory relays, auditory cortices, and posterior association cortices, for example, Wernickes' area (Olso and others 1985) . Autopsy studies and structural magnetic resonance imaging studies show that the loss of axonal fibers and a decrease in the size of neuron somas contribute to a global reduction in the brain's volume with increasing age (Terry and others 1987) . The thinning of gray matter is also characteristic of cortical degeneration in the elderly, although this occurs less in the temporal lobes than in other areas (Sowell and others 2003; Salat and others 2004) . In the future, more detailed analyses of auditory cortical anatomy should be performed to identify different patterns of aging that are specific to individual areas within auditory cortex. Additionally, the effects of aging on auditory perception, anatomy, and physiology should be performed in the same participants to better determine function--structure--process relationships.
If the lack of radial activity in middle-aged and older adults related to Df and buildup processes indicates a physiological impairment rather than an anatomical change in source orientation, it would be important to understand whether the deficits are specific to the streaming paradigm or whether they indicate a more general impairment of radial generators in auditory cortex. The lack of age-related decrement in response amplitude for early transient responses at the onset of the trials (P1t, N1t) at temporal electrodes argues against a general decline in radial sources of auditory cortex. An age-related impairment appeared, however, as early as 200 ms following the start of the trial with responses that were likely time locked to the second (B) tone of the trial (P2t, SPt). It is therefore possible that the impaired radial activity could be specific to tasks that require processing of sequences (i.e., at least 2 successive sound events), which has been shown to be impaired in older adults (Trainor and Trehub 1989; Lynch and Steffens 1994; Andrews and others 1998) .
Concluding Remarks
Despite the fact that aging has profoundly detrimental influences on many aspects of hearing (Committee on Hearing, Bioacoustics, and Biomechanics 1988; Humes 1996; Schneider and others 2002), we found that the ability to sequentially organize acoustic patterns into distinct perceptual streams is spared in middle-aged and older adults compared with young adults. No age-related change was found in the perception of auditory streaming, and ERP correlates of streaming at frontocentral electrodes were similar across the 3 age groups tested. Age-related decrements were found in streaming-related brain activity at right temporal electrodes and in sustained activity at frontocentral electrodes occurring during the first seconds of the sound patterns. Further research is needed to assess whether stream segregation based on other acoustic cues (e.g., location, timbre, etc.) is also preserved in older adults and to what extent the observed age-related ERP changes are related to streaming versus other aspects of auditory processing.
Notes
